A novel drug efflux gene (named sepA, staphylococcal efflux pump gene) is cloned from antiseptic-resistant mutants of Staphylococcus aureus into Escherichia coli. The sepA gene conferred the reduction of susceptibility to acriflavine and the acceleration of ethidium bromide efflux from the E. coli cells. The sepA (474 bp) encoded the protein that has four predicted transmembrane segments. These results indicate that sepA gene is a multidrugresistant gene and encodes a drug efflux protein.
In Staphylococcus aureus, the qacA gene group (including qacB) and the smr gene group (including qacC, qacD and ebr) of plasmids and norA gene of the chromosome confer resistance to antiseptics and disinfectants. [1] [2] [3] [4] The QacA and NorA classes are considered as members of a major facilitator superfamily (MFS family) and each consists of a predicted structure that has 14 and 12 transmembrane segments (TMS), respectively. 2, 5) On the other hand, the smr gene encodes a small protein that comprises 4 TMS and belongs to the small multidrug resistance (SMR) family. 2, 3) These proteins export drugs in a process dependent on the proton motive force. 2, 5, 6) Dyes, such as ethidium bromide and acridine, and surfactants, such as benzalkonium and benzethonium, are recognized by QacA and Smr. Furthermore, NorA also recognizes antiseptics as well as fluoroquinolones. [1] [2] [3] [4] We previously examined the correlation between sensitivity to antiseptics and the presence of qacA and smr genes in methicillin-resistant S. aureus (MRSA). 7) Low-level antiseptic-resistant strains were found, which neither had qacA, smr nor mutations of norA gene, but were widely spread in Japan. Furthermore, low-level antiseptic-resistant mutants of S. aureus could be frequently isolated with selection by antiseptics. 8) These results suggested that some other multidrug-resistant gene(s) were located on the chromosome of S. aureus. In this report, which is an extension to the above report, 8) a novel chromosomal drug efflux gene of S. aureus was cloned and characterized.
MATERIALS AND METHODS

Bacterial Strains, Plasmids and Primers
Bacterial strains and plasmids used are listed Table 1 . S. aureus RN2677 mutants, TP186 and TP187, which were obtained from benzalkonium chloride (BKC) and chlorhexidine gluconate (CHG) selection had no mutation in the norA gene. 8) Primers, norAϩ2a (nucleotide positions, 541 to 560) and norA-6 (979 to 960), were designed from the sequence of norA gene by Yoshida et al.
4)
Manipulation of DNA Manipulation of DNA and transformation into Escherichia coli were accomplished by the methods outlined by Sambrook et al. 9) Transformations of Bacillus subtilis and S. aureus were performed using competent cells, as described previously. 10) Deletion derivatives were constructed by the polymerase chain reaction (PCR) method. 10) Susceptibility to Antiseptics The susceptibility of transformants to antiseptics was determined by measurement of the minimum inhibitory concentration (MIC) using the agardilution method, as outlined by NCCLS.
12) The dose for 50% growth inhibition (50% growth inhibitory concentration, IC 50 ) was determined as described previously. 13) Measurement of susceptibility using a gradient plate was performed as described by Finan et al.
14)
Efflux of Ethidium Bromide Bacteria were first exposed to EB (2 mg/ml) in the presence of carbonyl cyanide m-chlorophenyl hydrazone (CCCP, 8.2 mg/ml) for 20 min at 37°C. The cells were then pelleted by centrifugation and resuspended in fresh uptake buffer. The efflux of EB from the cells was measured as a decrease in fluorescence intensity. Nucleotide Sequence Accession Number The nucleotide sequence has been deposited in the DDBJ, EMBL and GenBank databases under accession number AB078343.
RESULTS
Cloning and Susceptibility
Chromosomal DNA of mutants TP186 and TP187 (those were obtained by selection of antiseptics) were digested partially with endonuclease Sau3AI, and the fragments were inserted into the BamHI site of chloramphenicol (CP)-resistance plasmid pSTV28 and transferred into E. coli DH5a. Resistance strains to acriflavine (AF) and CP in these transformants were found in 8 and 19 strains out of approximately 1400 strains from TP186 and TP187, respectively. The presence of norA gene was tested in these 27 transformants resistant by PCR amplification using the primers norAϩ2a and norA-6. Three strains in which the 439 bp norA fragment was not amplified were obtained. pTZ2600 carried a 4-kb chromosomal fragment of TP186 while pTZ2610 and pTZ2620 carried 7-kb and 10-kb chromosomal fragment of TP187, respectively. pTZ2601 was constructed by the insertion of 4-kb XbaI-EcoRI fragment of pTZ2600 into pUC18. MICs were determined for the strains carrying three plasmids ( Table 2 ). The MIC of AF, BKC ang CHG for E. coli carrying pTZ2601 was elevated. Resistance to EB was not demonstrated by determination of MICs, but the strains carrying pTZ2600, pTZ2610, pTZ2620 or pTZ2601 could grow on the medium by the area containing a higher concentration on EB gradient plate (data not shown). The IC 50 of AF for E. coli carrying pTZ2601 and pUC18 was 11.8 and 6.5 mg/ml. The results indicated that pTZ2601 had a resistance gene on chromosome of S. aureus.
Efflux of Ethidium Bromide
To study the resistance mechanism, efflux was measured using the fluorescent substance EB (Fig. 1) . Setting the EB efflux rate of E. coli carrying pUC18 as 1, the EB efflux rate of E. coli carrying pTZ2601 was 3.05Ϯ0.26. This result indicated that the gene product pumped out the drug EB from the cells to the medium.
Characterization of sepA Gene The nucleotide sequence of the insert of the recombinant plasmid was determined (accession number AB078343). The insert of pTZ2601 was 4064 bp and had five open reading frames (ORF). The 5Ј-terminal region of ORF1 and 3Ј-terminal region of ORF5 were missing. Plasmids pTZ2610 and pTZ2620 had ORF2, ORF3 and ORF4 that were also carried by pTZ2601. To determine the location of the antiseptic resistance gene, various deletion derivatives, pTZ2601D1, pTZ2601D2 and pTZ2601D3, were constructed and IC 50 of AF for deletion derivatives were measured (Fig. 2) . The IC 50 of AF for deletion derivatives that had intact ORF4 was high, indicating that ORF4 corresponded to the antiseptic resistance gene. ORF4 was named antiseptic resistance gene, sepA (staphylococcal efflux pump gene). The sepA gene consisted of 474 bp and theoretically encoded a protein of 157 amino acids with a molecular weight of approximately 18900.
Expression of sepA Gene in S. aureus To examine the expression of sepA gene in S. aureus, we constructed recombinant plasmid pTZ2602 by insertion of the EcoRI-SphI fragment of pTZ2601 into EcoRI-SphI site of pUB110 in B. subtilis. The pTZ2602 was introduced into the parental S. aureus RN2677. The MICs of AF, BKC and CHG for S. aureus carrying pTZ2602 were elevated (Table 2) . On AF gradient plate, the strain with pTZ2602 plasmid could grow on the medium by the area containing a higher concentration of AF (Fig. 3) , indicating that the sepA gene could express low- DH5a  none  16  64  16  64  1  pSTV28  16  64  16  64  1  pTZ2600  32  64  32  64  2  pTZ2610  32  64  32  64  2  pTZ2620  32  64  32  64  2  pUC18  16  64  16  64  1  pTZ2601  32  64  32  64  2 a) AF, acriflavine; EB, ethidium bromide; BKC, benzalkonium chloride; ADH, alkyldiaminoethylglycine hydrochloride; CHG, chlorhexidine gluconate. b) RN2677 mutant. level resistance to antiseptics in S. aureus.
DISCUSSION
In this study, a novel chromosomal sepA gene that conferred low-level resistance to antiseptics and dyes was cloned in E. coli and S. aureus. The amino acid sequence of SepA exhibited no significant homology to those of published genes for drug-resistance and drug-efflux pump. The hydrophobicity analysis 15) of SepA suggested that SepA contained approximately 4 transmembrane segments similar to proteins of SMR family. The SMR family has three conserved motifs, 2) but these conserved motifs were not recognized in SepA, suggesting that SepA belonged to a new family different from SMR family. Previous studies indicated that Glu-13, Glu-24, Trp-62 and Glu-80 in 107 amino acid residues of Smr were involved in the drug/proton antiport and determining the specificity of drug resistance.
6) Glu-13 and Trp-62 were located in 1st and 3rd transmembrane segments, respectively, and Glu-24 and Glu-80 were located in the hydrophilic polypeptide chain between 1st and 2nd and between 3rd and 4th transmembrane segments in Smr, respectively (Fig. 4) . Four of these important amino acid residues of Smr (Glu-13, Glu-24, Trp-62 and Glu-80) were also found in SepA (Glu-81, Glu-93, Trp-130 and Glu-149). The patterns of distribution important amino acid residues in the polypeptide chain of SepA were similar to those of Smr, but with one difference the SepA residues were encompassed with putative transmembrane segments 2-4, while in the Smr they were encompassed with transmembrane segments 1-3.
The sepA gene sequence was 99.2% (470/474 bp) identical to the SA1971 gene on the newly released genome S. aureus N315.
16) The amino acid sequence of SepA was the same as the SA1971 gene product (Protein ID: BAB43260.1). Therefore, our study showed that the SA1971 gene (sepA gene) is related to multidrug-resistance and encodes a drug efflux protein.
The nucleotide sequence of sepA gene of susceptible strain RN2677 was also determined and compared to the sepA gene of TP186 and TP187. No mutations were identified in the sepA gene of TP186 and TP187, suggesting that other genes related to multidrug-resistance resided in the chromosome of S. aureus. However, in this study, we demonstrated that the increase in the copy number of sepA gene by cloning into plasmids contributed to the elevated resistance, similar to the norA gene. 17) Therefore, it is possible that mutations that lead to overexpression of sepA gene may cause low-level resistance to antiseptics in S. aureus. Boxes and lines are transmembrane segments (TMS) and hydrophilic domain. Important amino acid residues, reported by Grinius and Goldberg, 6) are shown by circles and triangles. Intervals of important amino acid residues are shown in parentheses.
